The paper is devoted to the development of a process of tubes extrusion from MgCa08 magnesium alloy. For optimization of extrusion process the Qform software was used. The numerical model of flow stress and fracture criterion for MgCa08 were obtained based on tension/compression measurements performed in a universal testing machine Zwick Z250. Predictions of the flow stress and deformations were modeled as well as the ductility of material. The process was optimized according to the plasticity and temperature criterions. In the optimization process, temperature of the billet and the speed of extrusion were determined. Based on the optimal parameters the extrusion of tubes with external diameter of 5 mm was performed in the laboratory press. On top of the macroscopic testing and calculations, investigations of the material microstructure and the micromechanical behavior of the material after the extrusion were performed by a combination of SEM and nanoindentation analyses. Micromechanical properties of the alloy were detected with the aid of statistical nanoindentation. Samples were characterized in terms of their microstructural defects, distribution of elastic modulus and hardness. Good particle dispersion and homogeneous-like distribution of micromechanical properties was found showing the efficiency of the extrusion process.
Introduction
The numerical modeling is very important stage in designing of metallurgical processes such as extrusion. Examples of works relating to numerical simulation of extrusion process can be easily found in literature [1] [2] [3] . The most often method used for simulation of metallurgical processes is the Finite Element Method (FEM). There are a few commercial tools using FEM which allow to model the extrusion process. In works [4] [5] [6] the Extrusion3d software was used. An example of software dedicated particularly to extrusion process modeling is the Qform-Extrusion [7] . This program was used in works [6, [8] [9] [10] for optimization of extrusion of aluminum shapes. From available FEM software dedicated to modeling of extrusion Forge3 and Deform should also be mentioned.
The extrusion of MgCa08 magnesium alloys is considered in this paper. The MgCa08 alloy has a very low technological plasticity [11, 12] . Problems resulting from a low plasticity of the considered alloy can be overcome by using appropriate material models, which allow to predict the fracture, and additional fracture criteria in the optimization process. The yield stress model and the fracture criterion were implemented to Qform using the Lua language. Material properties used for the simulation were determined by compression and tension tests performed with Zwick Z250 machine. For optimization of the extrusion process a few FEM simulations in the Qform software for various process parameters were performed. The aim of the optimization was to choose appropriate values for extrusion velocity, billet and die temperatures. Finally, based on the simulation results the extrusion process was performed and the microstructure of the obtained tubes was examined.
The boundary problem solution and optimization technique
The FEM simulation of the extrusion process was done by using Qform software. The mathematical model of the process consists of the following equations: equilibrium equations:
compatibility condition:
constitutive equations:
incompressibility equation:
energy balance equation:
yield stress model:
where: ij σ -stress tensor, ij ξ -strain rate tensor, v i -components of flow vector, ì j σ -deviator of stress tensor,
-effective stress, effective strain and effective strain rate, t -temperature, β -heat generation efficiency ratio distortion that is commonly accepted within the limits β =0.9 -0.95 and k -thermal conductivity.
Material model and fracture criterion
The flow stress model for MgCa08 magnesium alloy is described with Hansel-Spittel equation:
where: A, m 1 -m 9 -empirical parameters.
The fracture criterion is based on the value of a critical strain. As long as the strain is smaller than a critical strain the material can be deformed without cracking [13, 14] :
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where: D -ductility function, ε p -critical deformation function, k σ -triaxiality factor defined as
The equation 8 is implemented as the following integral The critical strain is calculated from the following equation depending on values of the triaxiality factor, temperature and strain rate [14] :
where:
An additional fracture criterion is considered in the form of temperature limit which must be lower than melting temperature (516 °C).
Macroscopic material tests
The flow stress and fracture parameters for MgCa08 (Mg 99.2 wt.%, Ca 0.8 wt.%) alloy were obtained by compression and tension tests performed in the Zwick Z250 machine at the AGH University of Science and Technology. Testing conditions were as follows: temperatures 250, 300, 400 °C, and two strain rates 0.1 and 1s -1 [15] . Results of the compression tests were used to determine the flow stress model and results of both tests were used for identification of the fracture (workability) model.
Flow stress model and ductility function
Empirical parameters of the flow stress model (Eq. 7) for MgCa08 magnesium alloy were determined by an inverse analysis. Following values were obtained: A = 405.85; m 1 = -0.00826428; m 2 = -0.0281807; m 3 = 0.020492; m 4 = -0.0114059; m 5 = 0.00521939; m 7 = -0.69316; m 8 = 0.0001636; m 9 = 0.192958.
The FEM simulations of all tensile and compression tests were performed and used in calculation of the fracture parameters (Eqs. 9 and 10). The aim of tests simulation was to obtain the conditions for ξ , , t k at the moment when the cracks initiated in the tests. Based on these results the following values of parameters d 1 -d 4 were obtained: d 1 = 0.04611; d 2 = 0.4759; d 3 = 0.01265; d 4 = -0.07009.
Optimization of the extrusion process of MgCa08 tube
Optimization of the extrusion process was done using the Qform software.. A series of simulations were performed. A rod with diameter of 20 mm was used as a billet to extrusion process. In the extrusion process, an external diameter of tube was 5 mm and internal diameter was It is clear from numerical simulations that the fracture criterion was not reached in all simulated variants. Additionally, the temperature did not reach the melting point. Based on the value of the parameter D and the extrusion force P variant No. 3 was selected as the best one for the extrusion process of proposed tubes. 
Practical implementation
The experimental part of the extrusion process was carried out in the Institute of Non-Ferrous Metals in Skawina (Poland). Figure 2 shows schematically the extrusion setup with a die which includes a chamber designed to reduce the force during extrusion. The tubes were extruded using a rod with diameter 20 mm. Extrusion velocity was set as 0.5 mm/s and the temperature as 400 °C which corresponds to the variant No. 3 of numerical simulations. In this case it was possible to extrude the proper tube without defects. Extruded tubes are presented in Fig. 3 .
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Microstructural analysis of extruded MgCa08 tubes
As extruded MgCa08 tubes were taken for the analysis. The samples were fixed in an epoxy resin, cut and cross sections grinded and polished by a metallographic procedure with SiC papers. Careful procedure with low force needed to be applied since preparation of magnesium is rather difficult. During cutting, grinding, or handling, mechanical twinning may result, if pressures are excessive [16] . The final polishing step contained mechanical chemical polishing with 10-30 nm colloidal silica. The resulting sample surface roughness measured with AFM was RMS=26 nm on 50×50 µm area.
Scanning electron microscopy (SEM) was applied to characterize microstructural features occurring in the cross section and the check the surface quality. Fig. 4 shows MgCa08 sample composed of Mg matrix (large equiaxial grains that crystallize in hexagonal hcp lattice) with homogeneously dispersed particles of Ca (black dots with white surroundings in Fig. 4b ). Lowalloyed Mg-Ca systems consist of α-phase solid solution (Mg with interstitial Ca) and eutectic structure (α-phase+Mg 2 Ca) [17] . According to an image analysis, about 0.8 % volume is formed by calcium precipitates (black dots in Fig. 4b) , another 0.8 % is composed of Mg 2 Ca (white spots in Fig. 4b ) and 98.4 % composes of Mg.
It can be seen in the SEM image taken inside the tube wall thickness (Fig. 4b ) that the Ca precipitates are homogeneously dispersed within the Mg matrix showing indirectly the efficiency of the extrusion process. On the other hand, smaller magnification optical image (Fig. 4a) shows some unequal distribution of defects within the wall. More defects are located at interior and exterior sides of the wall. This finding corresponds with the evolution of the D parameter calculated earlier in the paper (see also Fig. 1b) . 
60
Metal Forming 2016
Conclusions
The numerical model of the tube extrusion process of MgCa08 alloy was developed in this paper. The simulations were performed with the Qform software. The Hansel-Spittel equation was used as the material model and the fracture criterion based on the value of a critical strain was implemented into the Qform software. Based on results of simulation optimal parameters of the extrusion process were chosen and the tube extrusion was carried out. After the extrusion microstructure and micromechanical properties of obtained tubes were studied. The distribution of elastic moduli and hardness is homogeneous inside the tube wall. Based on optical analysis the microstructure of extruded tubes showed that more defects are located at interior and exterior sides of the tube which agrees with results of the simulation where values of the fracture parameter D tend to be higher in the same area.
